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Abstract
We present a preliminary model of geomechanical failure in wellbore systems induced by elevated pore-
pressure following injection of CO2. The model is a coupled flow and geomechanics and operates on 2-D and 3-
D detailed representations of the wellbore environment. We find that failure occurs at over-pressures of 6-7 
MPa and that subsequent flow of water and/or CO2 relieves pressure in the injection reservoir.
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1. Introduction
Wellbore integrity is a key operational requirement in any oil and gas operation and is essential to the
long-term confinement of CO2 in geologic sequestration. This is particularly true in depleted oil and gas
fields or in CO2-enhanced oil recovery/utilization projects where there may be hundreds to thousands of 
wells. Our previous research [1-4] has shown that in CO2 projects the dominant leakage risks in properly 
completed wells are associated with interfaces between casing and cement, cement and rock, and in
fractures in these materials. In many cases, the existence and permeability of interfaces and fractures are
determined by geomechanical processes that include thermal perturbation due to fluid 
injection/production in the well or reservoir; pore-pressure changes due to fluid injection/production in
the reservoir; mechanical operations in the well including well integrity tests; as well as tectonic stresses.
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This view of well integrity suggests that geochemical deterioration of wells including corrosion and 
cement-CO2 reactions occurs only following damage induced by geomechanical processes that allow 
CO2-bearing fluids to penetrate the external annulus of the well (or due to pathways such as gas channels 
present in poor completions). The ability of wells to resist geomechanical damage depends on the 
mechanical properties of the materials (steel, cement, caprock and reservoir) and on the strength of the 
bonding at the interfaces between these materials. In this paper, we describe a coupled geomechanical and 
fluid-flow model that we use to investigate how pressure perturbations in the wellbore and reservoir can 
damage the cement sheath and impact permeability along the external wellbore annulus. As a first step 
toward modeling the full system, we focus on the dynamics of damage propagation using pure water as 
the working fluid and examine enhanced flow in CO2-brine systems resulting from over-pressuring of the 
injection reservoir. This work considers stresses that are sufficient to cause failure using generic 
mechanical properties. Future work will evaluate actual wellbore behavior under more realistic field 
conditions as a function of system mechanical properties.  
 
Nomenclature 
E Young's modulus (MPa) 
 Poisson's ratio (-) 
k permeability (m2) 
n normal stress (MPa) 
 shear stress (MPa) 
ex excess shear (MPa) 
p pore pressure (MPa) 
 friction factor (-) 
S0 rock cohesion (MPa) 
 viscosity (Pa-s) 
 total compressibility (Pa-1) 
a  
 density (kg/m3) 
1,2 subscripts representing the damaged and undamaged side of the front 
 
2. Model description 
We use the computer code FEHM to study coupled hydrologic and mechanical processes in the near 
wellbore environment. FEHM is a continuum code that uses a control-volume finite-element method that 
is capable of handling non-isothermal, multiphase, multicomponent fluid flow, heat transfer, and 
chemical transport in dual porosity/dual permeability media on unstructured grids [5]. FEHM uses a novel 
technique of uncoupling the material coefficients from the geometric integrals involving shape functions. 
This allows us to pre-compute the geometric integrals at the beginning of the simulation, saving 
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significant computational resources during iterative solutions of nonlinear problems. We use the finite 
element method to incorporate static mechanical force balance equations into FEHM. Materials can 
display linear or nonlinear and elastic or elastic-plastic behavior. Spatially varying material properties are 
mapped from nodes onto finite elements using shape function interpolations. Coupling between the fluid 
flow, heat transfer and mechanical force balance equations occurs both through explicit terms in balance 
equations such as the effective stress and thermal stress, as well as through the dependence of various 
coefficients on the state variables. 
State variables computed at each node are P, T, and displacement components ux, uy, and uz. Mass and 
energy balance equations are calculated on the control volumes associated with each node. The 
mechanical force balance equations, on the other hand, are cast over the first order finite elements defined 
by the connected nodes. We use the Mohr-Coulomb failure criteria which requires the state of stress 
rather than displacements. We evaluate the stresses using the finite element approach at the first order 
Gauss point from the displacements, as this is known to be of higher order accuracy than calculating 
average stresses at the nodes [6]. The fluid mass balance equations, which are evaluated with the control 
volume approach, require interfaces permeabilities between connected pairs of nodes, which are 
computed by harmonic averaging of the nodal values and are known to preserve flux continuity. We treat 
these interfacial permeabilities, rather than the nodal values, as the stress-dependent quantities.  
For the case of wellbore damage induced by over-pressuring the injection reservoir, we consider shear 
failure created by differential displacement of steel, cement and caprock. We represent failure in shear via 
the Mohr-Coulomb slip criterion. In this model, damage occurs for positive values of excess shear, 
defined as 
excess So ( n p)        (1) 
n is the stress normal to that plane (where 
positive stress indicates compression), p is the pore pressure, S0 is the rock cohesive strength, and  is a 
friction coefficient. The maximum value of excess shear occurs at the angle 
1) given by  
tan(2 ) 1          (2) 
The maximum value of excess shear at this orientation is given by [7]:  
excess(max)
1
2
( 1
eff
3
eff )( 2 1)1/2 1
2
( 1
eff
3
eff )
     (3) 
In this work, we assume that a fracture always exists at the orientation allowing maximum shear. The  
change in permeability resulting from excess shear greater than zero increases by a user-specified 
multiplier of the excess shear until it reaches a user-specified maximum value. Mechanical properties of 
the system are representative of shale (caprock), sandstone (storage reservoir and aquifer), and Portland 
cement (see Tables 1 and 2). Mechanical failure is allowed to occur in the cement (3-D simulation) or 
anywhere in the solution domain, including in the caprock (2-D simulation). The initial permeability of 
the cement is 10-17 m2 and the maximum stress-enhanced permeability is a factor of one hundred greater 
(10-15 m2). 
We created both a 2-D and a 3-D model of the wellbore system. The 2-D model is smaller and allows 
more efficient exploration of wellbore failure processes. In 2-D, we created a 1 x 10 m2 rectangular, x-y 
grid with the wellbore casing at the left-hand boundary (Fig. 1). Because FEHM can solve only 3D stress 
problems, the grid includes four nodes in the z direction (perpendicular to the x-y plane) that are each 1 
cm apart. The left-hand boundary corresponds to the interface between steel casing and cement, while the 
other grid elements represent cement, cement-rock interface, caprock, and reservoir rock. The grid has 
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high spatial resolution at the well center (1 x 5 cm2) with elements coarsening toward the right-hand side 
(10 x 5 cm2). The model consists of a lower storage aquifer and a caprock. 
The 3-D model consists of a cylinder 100 m in height by 1 m radius. The z-axis is aligned with the 
maximum principal stress and the x and y axes are taken to be horizontal and assumed to be in a uniform 
stress field (Fig. 2). The solution domain has about 40,000 computational nodes with grid spacing finest 
adjacent to the wellbore and coarsening toward the outside radius. Distinct properties are specified for the 
steel, cement and rock as well as the interfaces between materials. We consider multiphase flow of CO2 
and brine in the 3-D system using a linear relative permeability model.  
Fig. 1. Model geometry. The wellbore is located on the left-hand side. Green is cement, blue is caprock  
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3. Simulations 
Fig. 2. The 3-D model of the wellbore system showing the computational grid and initial permeability distribution. The upper and 
lower aquifers are 100 mD, the caprock is 0.01 nD and the cement is 1 mD. 
3.1. 2-D Model.  
The principal (vertical) stress applied at the top boundary is 25 MPa (corresponding to about 1000 m 
depth), while this boundary is free to move in both the x and z directions (Fig. 1). The bottom boundary is 
held fixed in the vertical direction, but is also free to move in the x and z directions. The right-hand 
boundary has 13 MPa applied stress (minimum stress), while the left-hand boundary is held fixed in the x, 
y and z directions to simulate the steel-concrete interface. We chose a confining stress of 13 MPa because 
half the overburden stress is within the typical range of variation for minimum horizontal stress. Material 
properties are given in Table 1. Fluid is injected under the caprock at the base and toward the right-hand 
side of the domain. Fluid flow out of the domain is only allowed through the top of the system, where the 
pore pressure is fixed at 10 MPa.  
We first consider constant pressure conditions with injection of water at 20 MPa with relatively weak 
cement (So = 18 MPa) and a very strong caprock (So = 100 MPa). As pressure builds up underneath the 
caprock, shear stresses develop along the steel-concrete interface until shear failure occurs at a pressure of 
about 17 MPa. Once failure occurs, a zone of high permeability forms and propagates upward along the 
interface at a rate of about 12 m/day (Fig. 3).  
We next consider a constant injection rate of water (10-5 kg/s) with cement and caprock having equal 
cohesive strength (So = 18 MPa). This results in a much higher build-up of pressure in the system, 
reaching 45 MPa (Figs. 4 and 5). Once failure occurs, a zone of high permeability forms and propagates 
upward along the interface at a rate of about 100 m/s. Although the system begins to fail at 16-17 MPa, 
the pressure continues to rise as the injection rate outpaces the pressure relief provided by wellbore 
failure. Repeating the above simulation, but raising the cohesive strength of the cement (from 18 to 28 
MPa) causes the failure front to propagate more slowly, reaching a height of 3 meters at 4 x 10-2 days 
instead of 4.5 meters. Fig. 5 shows the injection point pressure as a function of time for a cement 
cohesion of 18 MPa and for the higher value of 28 MPa. When the cement cohesion is higher, pressures 
in the aquifer build up to higher values before pressure is relieved. 
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Table 1. Parameters used in the 2-D simulation. 
 cement caprock reservoir 
E (MPa) 15000 7000 20000
 0.20 0.20 0.27 
k0 (m2) 10-17 10-20 10-12
 0.8 0.8 0.8 
S0 (MPa) 18,28 18,100 18 
Fig. 3. Changes in permeability resulting from constant pressure injection in the 2-D model as a function of time. A region of 
enhanced permeability extends up through the cement. The caprock cohesive strength is set to a high value (100 MPa) to focus 
damage in the cement with cohesive strength of18 MPa  
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Fig. 4. Changes in permeability as a function of time during a constant flow-rate injection in the 2-D model. An enhanced 
permeability region propagates upward along the steel-concrete interface and extends into the caprock at times 8.e-3, 4.e-2, and 8.e-
2 s from left to right. The cohesive strength of cement and caprock are equal at 18 MPa.  
 
Fig. 5. Injection point pressures during constant flow rate injection (10-5 kg/s) for cement cohesive strength of 18 and 28 MPa with 
caprock cohesive strength of 18 MPa. 
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3.2. 3-D Model.  
We use the 3-D model to investigate multiphase flow of CO2-brine following damage to the cement in 
the external annulus. For this calculation, we allowed failure to occur only in the cement (the caprock was 
assumed to be competent) and limited the increase in cement permeability to a factor of 10. The boundary 
conditions were no-displacement on the bottom and sides with an applied stress representing about 1000 
m of overburden on the top.  Parameters used in the simulation are given in Table 2. 
 
Table 2. Parameter values used in the 3-D simulations. 
 
Steel Steel- 
Cement 
Cement Cement-
Caprock 
Aquifer 
3.3. Caprock 
Porosity 
- 
0 0.05 0.05 0.05 0.01 0 
Perm. 
log m2 
-20 -17 -15 -15 -13 -20 
Young  Mod. 
MPa 
2.e5 1.e4 5.e3 6.6e3 1.e4 5.e3 
Poisson Ratio 
- 
0.27 0.23 0.2 0.2 0.2 0.2 
 
Coeff. 
- 
1. 1. 1. 1. 1. 1. 
The simulation consisted of a constant rate injection of supercritical CO2 at 0.072 kg/s at the external 
boundary of the lower aquifer. Over a short period of time, the increasing reservoir pressure resulted in 
failure of the cement, enhanced permeability in the external annulus, and flow of CO2 and brine to the 
upper aquifer. In Fig. 6, we compare flow without cement failure to flow with cement failure. Because 
undamaged cement has limited permeability, we calculate limited flow even in the absence of mechanical 
damage. However, mechanical damage of just a factor of 10 markedly increases the flow and saturation 
of CO2. 
Pressure in the reservoir rises rapidly and once failure occurs decreases gradually toward a steady-state 
flow at 6-8 MPa above the initial pressure (10 MPa; Fig. 7). This transient behavior arises due to the time 
progression of damage (and enhanced permeability) up the wellbore and the gradual loss of water from 
the external annulus that eventually flows supercritical CO2 only. When failure is prevented from 
occurring, the pressure builds very high and then gradually decreases as CO2 displaces water from the 
wellbore. 
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Fig. 6. CO2 phase distribution (saturation) in the 3-D model with constant CO2 injection. The figure on the left shows flow without 
damage-enhanced permeability. The figure on the right shows flow with damaged-enhanced permeability. Initial permeability of the 
cement and cement-rock interfaee was 1 mD, which increased to 10 mD with damage. 
Fig. 7. Temporal history of pressure for three cases of constant flow into the 3-D model: flow without damage (no failure) and flow 
with either shear or tensile failure (conducted on a 3-D system with 1 m radius and 1 m height). 
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4. Discussion 
Both the 2-D and 3-D models predict that failure will initiate for injection over-pressures above about 
6 MPa. This is in the range of some sequestration projects (e.g., injection over-pressures at In Salah are as 
high as 10 MPa [7]), and these preliminary results suggest that failure along wellbores during 
sequestration is a possibility.  
Flow rates through the external annulus are substantially increased with the damage-permeability 
model used in this study. The enhanced flow relieves pressure in the injection reservoir, particularly in the 
case of CO2 where relative permeability relations may allow flow of pure CO2 (at high rates due to the 
low viscosity of supercritical CO2). This pressure relief mechanism may be helpful in some risk scenarios 
where inducing seismicity is a concern.  
The simulations provide rates of damage propagation that are a function of material properties. We 
have previously developed a simple model [8] that may be used to predict the rate of propagation of the 
zone of damage along the wellbore interface as well as the expected flow rate during such failure under 
conditions of constant pressure injection. According to this model the position of the damage front as a 
function of time is given as 
Y (t) t
1
2           (4) 
where  
k2 p2
a2
1/ 2
k2 p2
a2
1/ 2
2
2k1 p1
1/ 2
      (5) 
Graphically from Fig. 3, Y ~ 4.5 m at 32 x 10-2 da 1/2. 
1/2.  
The flow rate is predicted to be 
F z xk1 p
t1/ 2
         (6) 
1/2 yields F ~ 3 x 10-4
that the flow rate at 28,000 s approximately 10-6 kg/s, and this value agrees with the actual flow rate from 
simulation output at this time.  
5. Conclusions 
In shear failure, excess pore-pressure leads to damage of the wellbore (and potentially caprock near the 
wellbore) and significantly enhanced fluid flow. Both constant pressure and constant flow conditions lead 
to rapid pressure build-up that is relieved by damage to the wellbore and subsequent flow up the external 
annulus. The over-pressures required to initiate such failure are within the range of those expected during 
CO2 sequestration operations.  
Our model is preliminary. We note that at present the initial stress state includes differential 
displacements  caused by gravity  of the steel, cement, and caprock-plus-reservoir, so that large 
(unrealistic) stresses are present in the model at time equal zero. We believe that the stress differences 
calculated in the model are valid, but further development is needed to properly initialize the model with 
gravity to validate this approach. The cohesion of the steel-cement and cement-caprock interfaces is 
represented as a simple average of the cohesions of the bounding materials. It is more likely that this 
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interface has its own (likely weaker) properties. The interface cohesions will need to be constrained, if 
possible, from experimental data and incorporated into the numerical model appropriately. Future work 
includes a study of potential failure under realistic wellbore conditions including the well history of a 
natural CO2 producer for which we have field data. 
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